QROMTH  OF  GALLIUM  ARSENIDE  USING  ION  CLUSTER  BEAN 
TECHNOLOGV(U)  EPI-TECH  CORP  PARADISE  VALLEV  A2 
R  L  ADAMS  AUG  86  AFNAL-TR-86-1857  F33613-83-C-1113 

F/G  28/12 


AD-A171  881 


1/1 


UNCLASSIFIED 


me  Copy  AD- A 171  801 


AFWAL-TR-86- 1057 


GROWTH  OF  GALLIUM  ARSENIDE  USING  ION 
CLUSTER  BEAM  TECHNOLOGY 


Robert  L.  Adams 

Epi-Tech  Corporation 
5234  East  Hatcher 
Paradise  Valley  AZ  85253 


August  1986 


Final  Report  for  Period  30  September  1983  -  31  May  1984 


Approved  for  Public  Release;  Distribution  is  Unlimited 


AVIONICS  LABORATORY 

AIR  FORCE  WRIGHT  AERONAUTICAL  LABORATORIES 
;.AIR  FORCE  SYSTEMS  COMMAND 

‘  WRIGHT -PATTERSON  AIR  FORCE  BASE  OH  45433-6543 


DT\C 

.ELECTEI 
SEP  17«# 


^  s  P  %  \ 


NOTICE 


When  Government  drawings ,  specifications ,  or  other  data  are  used  for  any  purpose 
other  than  in  connection  with  a  definitely  related  Government  procurement  operation 
the  United  States  Government  thereby  incurs  no  responsibility  nor  any  obligation 
whatsoever;  and  the  fact  that  the  government  may  have  formulated ,  furnished ,  or  in 
any  way  supplied  the  said  drawings ,  specifications ,  or  other  data,  is  not  to  be  re¬ 
garded  by  implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights  or  permission  to  manufacture 
use,  or  sell  any  patented  invention  that  may  in  any  way  be  related  thereto. 


This  report  has  been  reviewed  by  the  Office  of  Public  Affairs  (ASD/PA)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS) .  At  NTIS,  it  will 
be  available  to  the  general  public,  including  foreign  nations. 


This  technical  report  has  been  reviewed  and  is  approved  for  publication. 


SCOTT  C.  DUDLEY,  1/Lt,  USAF 
Project  Engineer 
Device  Research  Group 
Avionics  Laboratory 

FOR  THE  COMMANDER: 

PHILIP  E.  STOVER,  Chief 
Electronic  Research  Branch 
Avionics  Laboratory 


Accesion  For  y 

NTIS  CRA&I 

DTIC  TAB 

□ 

Uiiannoui.ced 

□ 

Justification 

By . 

Di-t  ib-itio,/ 


Availability  Codes 


t  Aval1  d  .d/or 
u,jT  i  Special 


fl'l 


If  your  address  has  changed,  if  you  wish  to  be  removed  from  our  mailing  list,  or 
if  the  addressee  is  no  longer  employed  by  your  organization  please  notify  AFWAL/AADR 
W-PAFB,  OH  45433  to  help  us  maintain  a  current  mailing  list. 


Copies  of  this  report  should  not  be  returned  unless  return  is  required  by  security 
considerations ,  contractual  obligations,  or  notice  on  a  specific  document . 


SECURITY  CLASSIFICATION  Of  THIS  PAGE  ,»»h#*n  D«ra  Entered) 


REPORT  DOCUMENTATION  PAGE 


1.  REPORT  NUMBER 

AFWAL-TR-86-1057 


*.  TITLE  (and  Subtitle) 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


2.  GOVT  ACCESSION  NO.I  3.  RECIPIENT'S  CATALOG  NUMBER 


fiDftnitoi 


Growth  of  Gallium  Arsenide  Using  Ion 
Cluster  Beam  Technology 


7.  AUTHOR/sJ 

Robert  L.  Adams 


9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

Epi  Tech  Corporation 
5234  East  Hatcher 
Paradise  Valley,  AZ  85253 


11.  CONTROLLING  OFFICE  NAME  AND  AOORESS 

DCASMA  Phoenix 

3800  North  Central  Avenue 

Phoenix,  AZ  85012 


14.  MONITORING  AGENCY  NAME  &  ADDRESS (II  dlllerent  Irom  Controlling  Of/ice) 

AFWAL/AADR  (Lt  Kapitan) 

WPAFB ,  OHIO  45433 


16.  DISTRIBUTION  STATEMENT  (ol  this  Report) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  the  abstract  entered  In  Block  20,  if  different  from  Report) 


5.  TYPE  OF  REPORT  A  PERIOD  COVERED 

Final 

Sept  83  -  May  84 


6.  PERFORMING  ORG.  REPORT  NUMBER 


e.  contract  or  grant  numberi<; 

F33615-83-C-1 1 13 


10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  S  WORK  UNIT  NUMBERS 

PE  -  65502F 

WU  -  AL-3005-10-01 


12.  REPORT  DATE 

August  1986 


13.  NUMBER  OF  PAGES 

51 


IS.  SECURITY  CLASS,  (ot  tut a  report) 

UNCLASSIFIED 


1S«.  DECLASSI  FI  CATION/ DOWN  GRADING 
SCHEDULE 


18.  SUPPLEMENTARY  NOTES 


Small  Business  Innovation  Research  Report. 


19.  KEY  WORDS  ( Continue  on  reverse  side  if  necessary  and  identify  by  block  number) 

Gallium  Arsenide  (GaAs) ,  Ionized  Cluster  Beam  (ICB) ,  Crystal  Growth 


20.  ABSTRACT  (Continue  oit  reverse  side  If  necessary  and  Identify  by  block  number) 

The  growth  of  single  crystal  gallium  arsenide  (GaAs)  epitaxial  films  on  high 
resistivity  GaAs  substrates  has  been  demonstrated.  Films  were  grown  at 
substrate  temperatures  from  600®C  down  to  400#C  with  thicknesses  from  3000  K 
to  5^im.  Growth  rates  were  typically  150&/minute  at  all  growth  temperatures 
with  thickness  uniformity  of  ±  5%  over  the  sample  (typical  sample  size  0.7”  X 
0.7',').  The  thickness  was  measured  by  a  standard  cleave  and  stain  method. 
Single  crystal  behavior  was  shown  using  x-ray  diffraction  and  SEM  channeling 


FORM 

1  JAN  73  '473  EOITION  OF  1  NOV  65  IS  OBSOLETE 


UNCLASSIFIED 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Hhen  Date  Entered > 


SECURITY  CLASSIFICATION  of  THIS  PAGEfH'hen  Da  ta  Entered) 


patterns.  Auger  analysis  was  done  on  the  films  and  showed  characteristics 
comparable  to  those  of  the  substrate.  Hall  data  taken  on  the  samples  found 
the  samples  to  be  n-type,  but  with  very  low  r  bility.  The  low  mobility  is  tht 
result  of  defects  grown  into  the  structure  because  of  high  energy  ions 
impinging  on  the  surface.  The  energy  of  the  ions  was  in  the  range  of  100  to 
1000  ev  because  of  the  small  cluster  size.  The  cluster  had  sizes  of  10-50 
atoms  instead  of  the  desired  500-2000  atoms/cluster.  This  smaller  cluster 
is  likely  due  to  non-uniform  heating  of  the  crucibles  by  the  e-beam  filament, 
In  addition,  the  diameter/length  of  the  opening  in  the  nozzle  was  1:1. 

Recent  work  suggests  a  1:10  ratio  will  allow  more  interactions  and  thus  enhanc 
the  possibility  of  forming  larger  clusters.  With  larger  clusters,  lower 
energy  per  ion  will  be  possible  and  the  native  defects  will  be  reduced. 


SECURITY  CLASSIFICATION  OF  THIS  PACEfW'/ien  Data  Entered) 


APPENDIX  B 


W  t  . 

U.8.  DEPARTMENT  OF  DEFENSE 

SMALL  BUSINESS  INNOVATION  RESEARCH  PROGRAM 

PHASE  I— FY  1983 
PROJECT  SUMMARY 


FOR  DOD  USE  ONLY  1 

Program  Office 

Proposal  No. 

Topic  No. 

■ 

TO  BE  COMPLETED  BY  PROPOSER 


Name  and  Address  of  Proposer  Epi-Te<  h  Corporation 

5234  E  ist  Hatcher 
Parad:  e  Valley,  AZ  85253 


Name  and  Title  of  Principal  Investigator 

Dr.  Robert  L.  Adams,  President,  £pi-Tech  Corporation 

Title  of  Project 

Growth  of  Gallium  Arsenide  Usin|  Ion  Cluster  Beam  Technology  j 

Technical  Abstract  (Limit  to  two  hundred  v  )rds)  The  growth  of  single  crystal  gallium  arsenide  (GaAs) 
epitaxial  films  on  high  resistivity  GaAs  substrates  has  been  demonstrated.  Films owere  grown  at  i 

substrate  temperatures  from  600°  C  down  to  400°  C  with  thicknesses  from  3000  A  to  5pm. 

Growth  rates  were  typically  1 50 A/minuce  at  all  growth  temperatures  with  thickness  uniformity 
of  -  5%  over  the  sample  (typical  sample  size  0.7"  X  0.7").  The  thickness  was  measured  by  a 
standard  cleave  and  stain  method.  Single  crystal  behavior  was  shown  using  x-ray  diffraction  and  i 
SEM  channeling  patterns.  Auger  analysis  was  done  on  the  films  and  showed  characteristics  comparable 
to  those  of  the  substrate.  Hall  data  taken  on  the  samples  found  the  samples  to  be  n-type,  but  with 
very  low  mobility.  The  low  mobility  is  the  result  of  defects  grown  into  the  structure  because  of 
high  energy  ions  impinging  on  the  surface.  The  energy  of  the  ions  was  in  the  range  of  100  to  1000  ev 
because  of  the  small  cluster  size.  The  cluster  had  sizes  of  10  -  50  atoms  instead  of  the  desired 
500  -  2000  atoms/cluster.  This  smaller  cluster  is  likely  due  to  non-uniform  heating  of  the  crucibles 
by  the  e-beam  filament.  In  addition,  the  diameter/length  of  the  opening  in  the  nozzle  was  1:1.  j 

Recent  work  suggests  a  1/10  ratio  will  allow  more  interactions  and  thus  enhance  the  possibility  of  j 

forming  larger  clusters.  With  larger  clusters,  lower  energy  per  ion  will  be  possible  and  the  native  - 

defects  will  be  reduced.  j 

Anticipated  Benefits /Potential  Commercial  Applications  of  the  Research  or  Development  The  use  of  this  ICB 
technique  will  allow  deposition  of  films  at  temperatures  below  600°  C  for  GaAs.  At  the  lower 
temperatures,  the  interdiffusion  of  atoms  from  the  substrate  into  the  epitaxial  films  should  be 

minimized  thereby  making  sharper  interfaces.  This  deposition  technique  should  lead  to  the  growth 

of  various  ternary  III/V  alloys  such  as  Ga-Al-As  in  which  low  temperature  growth  of  high  quality  | 

films  will  be  critical.  Commercial  applications  of  this  technique  will  be  for  various  optoelectronic  ! 

and  microwave  device  applications.  j 


4  <  4  • 


I*  Introduction 
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Contract  F3361 5-83-C'Ul  3  was  awarded  September  16,  1983,  as  a 
Phase  I  program  under  the  Defense  Small  Business  Innovation  Research  (SBIR) 

Program.  The  program  objective  was  to  grow  gallium  arsenide  (GaAs)  using  Ion 
Cluster  Beam  technology.  The  work  was  to  be  done  on  a  newly  developed,  commercially 
available  ICB  machine  located  in  Beverly,  Massachusetts,  over  a  period  of  six 
months.  Samples  were  then  to  be  characterized  using  a  variety  of  recognized 
techniques,  and  the  results  were  to  oe  compared  to  other  accepted  deposition 
methods. 

II.  ICB  Background 

The  ICB  technology  v  is  developed  at  Kyoto  University  by  Professor 
Takagi  starting  in  the  early  1970's.  Initial  studies  have  been  directed  at  the 
deposition  of  thin,  high  quality  met  1  films.  The  films  were  of  such  materials 
as  copper,  silver,  and  gold,  and  they  were  of  very  high  quality.  The  very  thin 

O 

films  of  gold,  100  A  thick,  were  "pin  hole"  free,  had  electrical  resistivities  near 
that  of  bulk  gold,  and  had  densities  near  theoretical  values.  Using  conventional 
sputtering,  e-beam  or  CVD  techniques,  such  bulk  properties  of  very  thin  films 
have  not  been  obtained. 

The  standard  ICB  process  can  be  seen  in  Figure  I.  The  key  to  the 
process  is  the  formation  of  clusters  at  the  exit  port  of  the  crucible.  By  controlling 
the  temperature  of  the  crucible,  the  vapor  pressure  inside  the  crucible  can  be 
regulated  to  values  of  approximately  1  torr.  With  a  chamber  pressure  of  10  ^ 
torr,  the  emerging  vapor  undergoes  a  pressure  differential  of  several  decades, 
and  interatomic  collisions  occur  in  the  nozzle  area.  Under  these  conditions,  rapid 
vapor  expansion  followed  by  super-condensation  occurs  resulting  in  the  formation 
of  aggregates  or  clusters.  Each  cluster  contains  500  -  2000  atoms  loosely  coupled. 

The  escaping  clusters  can  then  be  ionized  by  electron  bombardment  in  the  ionization 
section  immediately  above  the  crucible.  By  varying  the  ionization  potential. 


the  ratio  of  ionized  clusters  versus  neutral  clusters  can  be  changed.  In  most 
applications,  from  10-30%  of  the  clusters  become  ionized  while  the  balance  are 
neutral.  The  ionized  clusters  can  then  be  accelerated  toward  the  substrate  by 
applying  a  high  negative  potential  to  the  accelerating  electrodes.  While  the  ionized 
clusters  are  accelerated  toward  the  substrate,  the  neutral  clusters  continue  at 
ejection  velocity.  During  this  transit  period,  any  collision  between  clusters  will 
cause  a  break  up  of  the  aggregates  just  as  a  doubly  ionized  cluster  will  also  disin¬ 
tegrate. 

When  the  clusters  arrive  at  the  surface,  the  impact  causes  the  cluster 
to  break  up  with  an  average  kinetic  energy  of  E  =  QVa/N  where  Q  is  the  electric 
charge;  Va  is  the  acceleration  voltage;  and  N  is  the  number  of  atoms/cluster. 

By  controlling  Va,  it  is  possible  to  provide  each  atom  in  the  ionized  cluster  with 
enough  energy  for  surface  diffusion,  (E  =  1  ev)  but  less  energy  than  that  which 
will  cause  surface  defects  (E  >  5  ev).  By  controlling  electrical  charge,  which 
in  turn  influences  film  formation,  the  actual  charge  content  in  the  total  cluster 
is  very  low.  These  features  allow  the  control  of  energy  ranges  of  !  -  20  ev  per 
atom.  This  is  in  contrast  to  space  charge  spreading  effects  requiring  energies 
to  be  as  high  as  possible  for  deposition  using  charged  atomic  or  molecular  ions 
to  ensure  proper  beam  focusing  and  the  maximum  intensity.  By  controlling  the 
energy  per  atom  in  the  1  -  20  ev  range,  the  energy  necessary  for  high  quality 
film  formation  can  be  supplied  without  using  high  substrate  temperatures  as  required 
in  conventional  CVD  or  MBE  methods. 

In  this  ICB  technique,  the  ionized  clusters  are  a  sig  ificant  variable 
to  the  surface  chemistry.  The  ionized  cluster  acts  as  a  "surface  catalyst"  in 
enhancing  surface  reactivity  and  migration. 

The  system  used  to  grow  GaAs  has  two  cluster  sources  following 
the  same  principles  discussed  above.  On  the  specific  machine  employed  for  deposition 
each  source  had  an  independent  heating  and  ionization  section,  but  a  common 
acceleration  electrode.  This  meant  that  clusters  from  both  Ga  and  As  had  the 


same  acceleration  potential  and  not  independent  supplies.  This  limitation  does 

not  present  a  severe  problem  in  current  studies  and  is  solvable  with  existing  hardware. 

111.  ICB  Deposition  Equipment  and  Procedures 

The  ICB  system  use  has  been  developed  by  Eaton  Corporation  through 
collaborative  efforts  with  Professi  Takagi  of  Kyoto  University.  The  Eaton  ICB 
system  used  in  this  work  is  a  muli  ,ource  machine  using  e-beams  to  heat  each 
high  purity  graphite  crucible.  The  graphite  crucibles  are  shown  in  Figure  2. 

The  gallium  crucible  contained  15  rams  of  charge  material  and  the  other  crucible 
held  from  5-7  grams  of  arsenic. 

The  acceleration  ek  trodes  provide  potential  from  0-5  Kev  on 
all  sources  simultaneously.  Becac  e  of  problems  in  the  power  supplies,  the  present 
machine  does  not  allow  each  sourc  ■  to  be  accelerated  independently.  Although 
the  acceleration  is  a  common  valu  ■,  the  amount  of  ionization  applied  to  each 
source  as  well  as  the  power  to  the  e-beam  heater  can  be  regulated  separately. 

The  sample  area  available  for  deposition  is  10  cm  X  10  cm. 

The  substrate  is  heated  by  infrared  lamps  immediately  above  the 
sample  and  controlled  by  a  thermocouple  feed-back  system.  The  substrate  temperature 
can  be  varied  from  room  temperature  to  80 0°  C  and  controlled  very  accurately 
by  the  Barber-  Colman  unit. 

The  sources  are  in  a  Balzers  vacuum  chamber  with  a  large  diffusion 
pump  providing  the  system  vacuum.  The  standard  operating  levels  are  1-10 
X  10  ^  torr  with  no  sample  ionization  and  1  x  10  ^  torr  with  material  deposition. 

On  several  occasions,  the  chamber  door  was  opened  to  add  arsenic  after  allowing 
sufficient  time  for  cooling  of  the  gallium  source.  Following  recharge  of  the 
arsenic,  the  chamber  was  closed,  and  the  pumping  restarted.  The  typical  cycle 
time  from  initial  cool-down  until  resumption  of  growth  was  2-3  hours.  When 
growth  was  resumed,  morphology,  growth  rates,  and  uniformity  in  thickness  re¬ 
produced  extremely  well.  Samples  were  loaded  into  the  chamber  through  a  turbo- 


pumped  load  lock  by  means  of  a  walking  beam  meachanism  Total  time  for  either 
loading  or  unloading  was  approximately  2  minutes.  The  deposition  rate  and  thickness 
were  monitored  by  a  quartz  crystal  near  the  substrate  using  the  appropriate  calibration 
and  tooling  factors  for  the  specific  set-up  and  material.  Although  a  Fluke  controller 
is  included  on  the  system  using  a  single  crucible  source,  the  multi-source  system 
was  operated  purely  in  a  manual  mode. 

The  run  procedure  developed  for  the  GaAs  was  different  than  that 
used  for  other  ICB  depositions  on  the  same  equipment  because  of  the  volatility 
of  the  arsenic  from  the  wafer  surface.  In  the  first  set  of  experiments  conducted 
in  January,  the  wafers  were  etched  in  a  ^SO^O-tF^O  (5:1:1)  solution,  rinsed 
in  deionized  water  and  blown  dry  with  filtered  nitrogen.  The  samples  were  then 
placed  on  a  carrier  shown  in  Figure  3.  Each  of  the  two  samples  was  0.7"  X  0.7" 
on  edge  and  .014"  thick. 

Prior  to  loading  each  sample  into  the  growth  chamber,  the  gallium 
source  was  heated  to  1225°  C,  and  the  deposition  rate  was  established  by  using 
the  Inficon  quartz  crystal  monitor  system.  After  this  was  completed,  the  gallium 
beam  was  blocked  by  a  manually  operated  shutter,  and  the  arsenic  source  was 
then  heated.  Because  of  the  low  sublimation  temperature  of  arsenic,  only  the 
heating  elements  of  the  e-beam  heater  were  used  without  any  electron  bombardment 
to  establish  the  deposition  conditions.  Because  arsenic  will  not  stick  to  the  crystal 
monitor,  the  arsenic  flux  was  monitored  by  watching  the  system  pressure.  This 
is  a  very  difficult  way  to  control  the  arsenic,  since  a  change  of  1°  C  can  alter 
the  vapor  pressure  a  significant  amount. 

For  some  of  the  initial  work,  a  thermocouple  was  placed  in  the 
side  of  the  crucibles,  and  the  temperatures  read  directly.  This  proved  to  be 
a  problem,  however,  because  the  thermocouple  was  not  floating  at  the  same  10  Kcv 
as  the  crucible,  and  thus  caused  arcing  problems.  Therefore,  some  runs,  as  noted 
on  the  data  sheet,  will  show  crucible  temperature,  but  the  majority  will  not. 
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Note:  Drawings  not  to  Scale 


Throughout  a  run,  the  operator  was  always  trying  to  adjust  the  power 
supply  to  keep  the  pressure  at  a  constant  value.  Once  the  arsenic  was  stabilized, 


the  sample  was  moved  into  the  growth  chamber,  the  heating  lamps  turned  on, 
and  the  shutter  over  the  arsenic  source  opened  to  allow  surface  bombardment 
by  the  arsenic  to  prevent  surface  erosion  by  arsenic  evaporation.  Once  the  sample 
was  at  temperature,  the  gallium  shutter  was  opened,  and  growth  initiated. 

The  ionization  section  on  each  source  as  well  as  the  acceleration 
potential  for  some  samples  had  been  set  prior  to  commencing  growth.  Although 
the  machine  is  designed  to  have  10  Kev  of  acceleration,  the  presence  of  the 
arsenic  vapor  in  the  acceleration  and  ionization  section  causes  arcing  to  occur, 
and  thus  limits  the  acceleration  to  5  Kev.  As  stated  earlier,  the  acceleration 
section  was  common  for  both  the  Ga  and  As  source,  so  independent  measurements 
could  not  be  made.  After  growing  the  desired  time,  the  gallium  shutter  was 
closed,  and  the  heat  was  turned  off.  When  the  sample  was  below  400°  C,  it  was 
moved  into  the  load  lock  and  then  into  the  atmosphere,  and  the  cycle  was  repeated. 

As  the  samples  were  evaluated  following  the  first  series  of  experi- 

O 

ments,  the  sample  thicknesses  were  very  thin,  i.e.  100  -  500  A.  The  discussion 
of  these  samples  can  be  found  in  the  results  section. 

The  lack  of  growth  precipitated  some  procedure  and  hardware  changes 
for  the  second  set  of  experiments  done  in  March.  For  the  hardware,  the  change 
involved  the  redesign  of  the  heater  around  the  gallium  crucible  so  that  more 
power  could  be  applied  to  the  top  of  the  crucible.  In  this  manner,  the  "spitting" 
seen  in  the  first  set  of  runs  with  6%  power  was  absent  in  the  second  set  at  16%. 

As  can  be  seen  in  Figure  4,  the  longer  heater  kept  the  nozzle  area  hotter,  thus 
reducing  condensation  in  this  area. 

Three  significant  changes  were  made  in  the  deposition  procedures 
for  the  second  set  of  runs.  The  first  involved  the  control  of  the  arsenic  pressure. 
The  RGA  was  used  to  monitor  the  arsenic  pressure  with  manual  controls  still 
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Figure  4 


being  used  to  adjust  the  temperature  to  compensate  for  changes.  This  procedure 
was  more  sensitive  in  controlling  the  arsenic  pressure  than  the  chamber  pressure 
gauge. 

The  second  change  involved  wafer  clean-up.  After  struggling  with 
inadequate  wafer  clean-up  stations,  it  was  decided  to  grow  on  the  substrates 
with  no  initial  clean-up  either  by  solvent  or  acid  treatment.  The  surfaces  of 
the  grown  wafers  were  excellent  as  can  be  seen  in  the  results  section  of  this 
report.  This  ability  to  grow  on  substrates  with  no  clean  up  prior  to  deposition 
is  truly  unique  to  this  deposition  technique,  and  is  discussed  further  in  the  results 
section. 

The  third  significant  change  involved  the  heating  of  the  substrate. 

In  the  first  set  of  experiments,  the  lack  of  substantial  growth  could  have  been 
attributed  to  the  very  low  substrate  temperatures.  The  low  temperatures  were 
due  to  the  infrared  light  transmission  characteristics  through  the  GaAs  as  opposed 
to  the  absorption  of  infrared  by  metals  or  other  semiconductors  such  as  silicon. 

In  order  to  get  better  absorption,  three  different  approaches  were  tried.  In  one 
approach,  a  piece  of  stainless  steel  was  placed  over  the  sample  with  no  bonding 
material.  A  second  approach  had  various  thicknesses  of  gallium  deposited  on 
the  back  of  the  wafers.  The  third  approach  had  a  thermal  bonding  agent,  either 
gallium  or  indium,  on  the  back  of  the  wafer  holding  it  to  the  stainless  steel  back 
plate.  This  latter  approach  was  most  successful,  although  it  required  the  most 
time  for  preparation  and  de-mounting.  A  schematic  can  be  seen  for  the  three 
methods  in  Figure  5. 

Using  the  modified  hardware  and  process  parameters,  films  were 
successfully  grown  using  the  ICB  equipment.  However,  the  equipment  had  several 
problems  that  will  need  to  be  corrected  for  future  work  with  GaAs.  The  heaters 
for  both  Ga  and  As  need  to  be  altered  so  that  very  precise  temperature  control 
can  be  maintained  on  both  sources.  Each  source  must  also  be  uniformly  heated. 
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Figure  5 


The  most  likely  solution  will  be  a  heating  lamp  method  currently  being  evaluated. 

A  second  major  problem  involves  the  power  supplied  in  the  system. 
Because  the  sample  is  at  0  potential,  all  the  power  supplies  operate  on  top  of 
a  10  Kev  potential  which  causes  many  problems.  As  a  result  of  these  conditions, 
modified  power  supply  designs  are  being  studied  and  will  be  implemented.  Also, 
a  machine  to  do  GaAs  will  need  a  RGA  that  will  go  to  300  a.m.u.  and  a  quad 
head  that  can  be  used  for  some  flux  measurements  in  the  deposition  area.  Such 
hardware  modifications  and  additions  are  now  being  evaluated  and  will  be  included 
on  the  next  GaAs  system.  By  making  these  and  other  small  changes,  the  redesigned 
hardware  should  support  the  process  for  growth  of  GaAs  in  a  more  controlled 
and  reproducible  manner. 

IV.  Summary  of  Epitaxial  Run  Conditions 

The  run  conditions  will  be  divided  into  two  groups.  Table  1  will 
represent  the  work  done  in  the  January  experiments,  and  Table  II  will  represent 
the  results  from  the  March  work. 

As  can  be  seen  in  both  tables,  pieces  of  data  on  specific  run  conditions 
are  omitted.  In  most  cases  such  as  the  temperature  readings  for  the  Ga  and 
As  crucible,  no  read-outs  were  available  in  January.  In  March,  the  high  voltage 
in  the  system  interacted  with  the  thermocouple  on  many  occasions,  causing  arcing 
or  blowing  power  supplies.  As  discussed  in  an  earlier  section,  the  heater  filament 
of  the  arsenic  crucible  was  never  turned  on  because  of  the  low  temperature  require¬ 
ments  for  arsenic.  In  Table  I  thickness  measurements  are  not  stated  for  all  samples 
because  of  the  very  thin  layers.  The  cleaning  process  and  mounting  procedures 
made  it  impossible  to  use  a  surface  profileometer  such  as  a  Dek-Tak  to  measure 
a  step  and  the  standard  stain  and  cleave  procedures  will  not  resolve  layers 

O 

<3000  A.  The  deposition  rate  numbers  were  found  to  be  very  erratic  throughout 
the  program,  thereby  making  these  values  suspect.  In  some  of  the  last  runs, 
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correction  factors  were  included  to  help  modify  the  numbers  and  to  correlate 
with  the  values  measured  by  Dek-Tak.  When  the  corrections  were  made,  deposition 

°  O 

rates  of  2 A  -  2.6  A/sec.  were  observed,  iving  rowth  rates  of  120  -  150  A/min. 

The  geometry  of  the  system  will  make  the  crystal  monitor  very  inaccurate  until 
modifications  are  made.  Also,  the  acceleration  values  for  Ga  and  As  are  not 
always  recorded  as  being  equal.  In  reality,  they  are  equal  because  of  the  hardware 
wiring.  The  discrepancy  is  merely  from  the  set  point  of  the  arsenic  not  being 
adjusted  to  read  the  same  as  the  Ga. 

A  portion  of  the  conclusion  will  address  the  changes  required  to 
allow  the  1CB  equipment  to  deposit  GaAs.  Also,  fundamental  discussions  as  to 
the  equipment  design  as  it  relates  to  the  process  physics  will  be  covered  at  length. 

V.  Experimental  Results 

In  the  proposal  submitted  and  awarded,  the  anticipated  results  were: 

a.  Growth  of  single  crystal  GaAs  on  GaAs  substrates  starting  with  Ga  and 
arsine. 

b.  Parameters  for  growth  of  GaAs  epi  on  GaAs  substrates  at  temperatures 
below  600°  C. 

c.  Characterization  of  the  films  as  to  their  electrical  and  physical  properties. 

Of  these  anticipated  objectives,  only  one  was  modified.  A  single 
source  machine  had  been  expected  at  the  time  the  proposal  was  written,  and 
it  would  have  necessitated  the  use  of  Ga  and  AsH^  as  the  starting  materials. 

The  availability  of  the  multi-source  machine  in  time  for  the  work  made  this  approach 
unnecessary.  With  the  exception  of  this  one  change,  all  the  objectives  of  the 
proposal  were  met. 

Single  crystal  GaAs  epi  was  grown  on  GaAs  substrates.  Single  crystal 
epi  was  grown  at  temperatures  below  600°  C.  Samples  were  characterized  as 
to  their  electrical,  chemical,  and  physical  properties.  This  section  will  discuss 
in  detail  the  experimental  methods  used  and  the  results  obtained  by  each  technique 
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for  the  samples  grown.  j 

A.  Film  Thickness  Uniformity  and  Morphology 

The  thickness  of  the  films  was  measured  by  two  techniques;  surface 

i 

profiling  and  cleaved  cross  section:.  The  surface  profiling  was  done  using  a  Dek-Tak 

system  sold  by  Sloan  Instruments.  In  this  simple  test,  a  step  height  was  measured 

from  the  grown  film  to  the  starting  substrate.  As  can  be  seen  in  Figure  3,  the  - 

i 

holder  provides  a  "masked"  area  fc'  the  substrate.  This  method  worked  exceedingly 

i 

well  in  the  March  work  where  samples  were  not  etched  in  the  | 

(5:1:1)  mixture  prior  to  deposition.  This  etch  "rounded"  the  surfaces  at  the  wafer 

edges  and  made  the  Dek-Tak  ineffective.  With  the  second  set,  well  defined  traces 

were  obtained  as  shown  in  Figure  6  with  clearly  defined  steps  of  4000  A  and  | 

less. 

The  second  technique  used  was  the  conventional  cleave  and  stain 
technique.  A  selective  etch,  CrO^HFiAgNOyF^O,  was  used  to  delineate  the  | 

film/substrate  interface.  Using  a  high  power  optical  microscope  equipped  with 
differential  interference  contrast  (D1C),  the  thickness  could  easily  be  read.  This 
technique,  however,  is  limited  to  films  with  thicknesses  of  >  3000  A.  Using  this  | 

technique,  the  substrate/epi  interface  can  be  evaluated  for  smoothness.  A  given 
sample  was  cleaved  into  four  pieces,  and  the  thickness  was  measured  at  12  points 
across  the  sample.  The  values  were  all  within  -  10%  at  each  location.  This  -  10%  I 

is  the  experimental  error  of  the  technique.  On  the  sample  measured,  the  thickness 
was  1.0  -  0.1pm  for  the  0.7"  X  0.7"  sample.  The  Dek-Tak  value  was  9000  A  for 

the  same  sample.  Three  two-inch  diameter  samples  were  also  grown,  but  the  I 

best  sample  was  used  for  electrical  data,  and  the  other  two  samples  had  mechanical 
problems  that  caused  non-uniform  thicknesses.  In  one  sample,  a  shutter  partially 
shielded  the  sample,  and  in  the  second,  the  arsenic  was  depleted,  and  the  run 
continued  longer  than  it  should  have.  On  the  only  good  sample,  the  perimeter 
values  appeared  very  uniform  around  the  wafer  as  determined  by  the  Dek-Tak, 
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but  the  center  values  were  not  measured  by  the  cleave  and  stain  method.  The 


uniformity  was  checked  on  a  second  sample  and  was  found  to  have  the  same 
range  of  values,  i.e.  -  10%. 

On  all  samples  evaluated  by  the  cleave  and  stain  method  using  D1C, 
the  interface  was  very  smooth  and  straight  as  seen  in  Figure  7.  The  smooth 
interface  on  the  samples  which  had  not  previously  been  cleaned,  is  indicative 
of  a  unique  process,  uch  interfaces  on  either  a  VPE  or  MBE  sample  with  no 
cleaning  would  not  have  the  same  high  quality. 

further  evidence  of  the  unique  film  deposition  parameters  is  the 
surface  morphology.  As  can  be  seen  in  the  micrograph  of  the  surface  in  Figure 
8,  the  surface  of  both  the  substrate  and  epitaxial  film  are  identical.  This  epitaxial 
film  is  1.0pm  thick  and  appears  the  same  as  the  uncleaned  substrate  area  when 
both  are  examined  at  200X  using  D1C.  This  featureless  surface  was  typical  of 
all  surfaces  until  the  thicker  samples  were  evaluated.  The  surface  roughness 
seen  on  the  thicker  samples  can  be  attributed  to  the  mismatch  in  the  cell  para¬ 
meters  measured  in  the  epitaxial  film  and  substrate.  This  information  will  be 
discussed  in  the  next  section. 

With  the  techniques  used  for  this  section  of  evaluation,  the  1CB 
method  produces  uniform  film  thickness  and  very  smooth  surfaces.  Also,  this 
method  has  a  unique  property  of  cleaning  the  interfaces  prior  to  deposition  in 
order  to  produce  a  surface  that  is  atomically  clean. 

B.  Structural  Properties 

The  structural  properties  of  the  samples  were  measured  in  two  ways; 
x-ray  diffraction  and  SEM  channeling.  The  reason  for  the  exhaustive  structural 
analysis  was  to  determine  if  the  films  were  single  crystal.  Some  of  the  electrical 
data  measured  were  abnormal,  thereby  suggesting  the  possibility  of  amorphous 
or  polycrystalline  films.  The  first  study  was  done  with  a  scanning  electron  micro¬ 
scope  (SEM).  Using  the  SEM,  electron  channeling  patterns  are  generated  as  a 


Cleaved  and  Stained  Cross  Section 
(Magnification  =  1000  X) 

Figure  7 


Surface  Topography 
(Magnification  -  100  X) 


Figure  8 


result  of  the  crystallographically  dependent  electron  backscattering  from  the 
surface  regions  of  crystalline  material.  The  scattering  of  a  30  Kev  beam  is  primarily 

O 

from  the  500  -  1000  A  region.  Using  this  method,  the  crystalline  properties  can 
be  evaluated  across  a  given  sample  by  measuring  the  channeling  patterns  generated 
and  comparing  them.  The  whole  of  each  surface  examined  gave  the  same  100 
patterns  as  shown  in  Figure  9.  At  even  lower  energies,  5Kev,  100  patterns  were 
also  obtained  for  the  surface  images. 

To  examine  the  problem  further,  a  sample  was  cleaved,  and  the 
110  planes  were  evaluated.  The  patterns  obtained  were  110  at  the  surface,  proving 
the  single  crystal  nature  of  the  film  as  shown  in  Figures  10  and  11. 

One  interesting  aspect  of  this  evaluation  was  the  cross  section  shown 

in  Figure  12.  The  epi  layer  is  much  brighter  than  the  substrate.  This  is  due, 

possibly,  to  a  difference  in  electrical  conductivity.  Since  the  SEM  electrons 

are  being  introduced  into  the  lattice  by  ionization,  the  illumination  could  be  from 

reradiation  of  the  secondary  electrons  from  native  defects  in  the  films.  The 

x-ray  diffraction  technique  was  used  as  a  cross  check  to  measure  the  single  crystal 

nature  of  the  film.  Also,  the  x-ray  diffraction  work  can  be  used  to  determine 

unit  cell  parameters  using  the  low  incident  angle  technique.  In  the  two  x-ray 

traces  seen  in  Figures  13  and  14,  the  two  effects  can  be  seen.  On  sample  //20, 

the  presence  of  the  second  peak  on  the  422  reflection  is  evidence  of  different 

cell  sizes  with  the  surface  having  a  cell  value  of  0.1%  less  than  the  substrate. 

By  contrast,  sample  // 33  shows  a  well  resolved  422  reflection  with  109  seconds 

as  the  width  at  1/2  max  and  an  intensity  ratio  of  218/14  =  15  in  arbitrary  units. 

This  ratio  combined  with  the  narrow  reflection  indicates  a  well  defined  single 

crystal  with  lattice  parameters  matching  the  substrate.  Sample  // 3 3  had  arsenic 
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pressures  of  13  X  10  Pascal  as  opposed  to  8  X  10  Pascal  for  // 20.  The  presence 
of  the  extra  arsenic  allowed  the  formation  of  the  correct  cell  size.  Other  scans 
of  the  511  and  422  peak  show  the  films  to  be  single  crystal. 


FIGURE  9 


ELECTRON  CHANNELING  PATTERN’  OBTAINED  FROM  SAMPLE  4A 
ELECTRON’  BEAM  ENERGY  35  keV . 

The  clarity  of  the  ,attern  and  the  presence  ot  high  order  lines  indicates 
the  perfection  of  the  crystal  surf  ice  region.  The  pattern  can  he  indexed 
a  (  100}  or ientat ion- 
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FIGURE  12 

S.E.M.  IMAGE  OF  CLEAVED  CROSS-SECTION  OF  SAMPLE  #15  SHOWING 
THE  EPITAXIAL  LAYER.  NOTE  THE  HIGH  SECONDARY 
ELECTRON  EMISSION. 
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C.  Auger  Analysis 

A  Perkin-Elmer  PHI  600  scanning  Auger  microprobe  was  used  for 
the  Auger  studies.  With  the  design  of  the  ICB  machine,  an  in-situ  Auger  system 
is  not  possible.  Therefore,  samples  must  be  analyzed  in  a  second  machine. 


Characterization  of  the  samples  were  done  on  the  100  surface  as  well  as  the 
110  faces  of  the  wafer.  For  the  surface  analysis,  the  samples  were  raster  scanned 
in  a  number  of  places  on  the  wafer  with  each  analysis  done  after  sputtering 

O 

80  -  100  A  of  material  away.  A  3  Kev  accelerating  voltage  with  a  lOna  current 
was  rastered  over  a  100pm  X  100pm  area  as  well  as  a  10  Kev  accelerating  voltage 
with  a  lOna  current.  An  Ar+  ion  beam  was  used  to  etch  the  100  surface  at  a 

O 

rate  of  14  A/s ec.  The  change  in  surface  spectra  versus  depth  can  be  seen  in 
Figures  15,  16,  17,  and  18. 

A  second  set  of  experiments  was  also  run  to  characterize  the  110 
face.  In  this  work  a  sample  was  fractured  in  vacuo,  and  the  freshly  exposed 
surface  was  evaluated.  By  this  method,  the  surface  film  was  clearly  visible, 
and  the  substrate  and  epi  film  could  be  analyzed  independently  on  the  freshly 

O 

exposed  surface.  For  this  analysis,  a  60  A  spot  size  was  used.  The  intensity 
ratio  of  the  GaL^M^M^  peak  (I228ev)  to  the  AsL^M^M^  peak  (1329  ev)  was  found 
to  be  1.38  for  the  epi  film  compared  to  the  substrate.  This  compares  to  the 
value  of  1.4 1  reported  by  Van  Oostrom*.  To  determine  elemental  concentrations 
from  the  peak  intensities,  relative  elemental  sensitivity  factors  must  be  defined 
based  on  a  sample  matrix  of  empirical  value.  Van  Oostrom  has  determined  these 
factors  (5  Kev  incident  beam  energy).  For  the  samples  evaluated  in  this  work, 
the  following  data  were  obtained  for  the  110  faces.  Each  point  was  corrected 
using  the  factors  determined  by  Van  Oostrom:  The  Auger  scans  for  these  values 
<  an  be  seen  in  Figures  19  and  20. 

Substrate  49.5  -  0.5%.  Ga  50.5  -  0.5%  As 

F  pi  48.3%  51.7% 
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Although  the  110  face  is  expected  to  contain  equal  concentrations 

of  Ga  and  As  atoms,  a  variation  of  ~  10%  is  reported  due  to  variations  in  step 
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densities  .  Therefore,  the  results  agi  ee  very  well  for  both  epi  and  substrate. 

Previous  work  on  100  faces  has  shown  a  preferential  etching  of 
the  arsenic  yielding  an  intensity  ratio  of  1.8  for  Ga/As  and  a  stoichiometry  of 
Ga  =  56%  and  As  =  44%^.  The  results  obtained  on  samples  grown  in  this  work 
were: 

*GaLMM^AsLmm  Ga(A™>  As(A«> 


Sample  // 1 0 

1.90 

57.4 

42.6 

// 1 3 

2.02  ±  0.19 

58.8 

41.2 

//15 

1.81 

56.3 

43.7 

Substrate 

1.95  t  0.07 

58.1 

41.9 

The  Auger  spectra  for  the  samples  can  be  seen  in  Figures  21,  22,^23.  In-situ 
Auger  analysis  would  better  resolve  surface  stoichiometry  variations.  Once  the 
surface  is  exposed  to  the  atmosphere,  hydrocarbon  contamination  and  surface 
oxidation  alter  the  concentrations.  However,  as  discussed  earlier,  this  option 
is  not  available  on  the  existing  hardware.  Thus,  the  in-vacuum  cleaving  of  the 
sample  should  produce  the  most  accurate  alternative,  and  this  work  showed  the 
stoichiometry  of  the  substrate  to  equal  the  epitaxial  film. 

D.  Electrical  Evaluation:  Hall  Data  and  Capacitance/Voltage  (C/V)  Profiles 
and  Photoluminesence  (P/1)  Scans 

The  C/V  data  for  the  samples  were  not  meaningful.  In  each  case, 
there  was  no  change  in  capacitance  as  a  function  of  voltage.  This  was  due  to 
the  high  resistivity  of  the  epi  film  which  caused  the  depletion  layer  to  extend 
beyond  the  epi  film  and  into  the  substrate.  A  mercury  probe  was  used  for  these 
measurements,  and  a  standard  film  was  used  to  calibrate  the  system.  When  one 


compares  the  Hail  data  and  the  lack  of  a  C/V  profile,  the  explanation  is  very 
reasonable.  Until  the  films  are  lower  resistivity  and  thicker,  the  C/V  technique 
will  be  of  no  value. 

The  Hall  data  collected  on  all  the  samples  shows  three  very  consistent 
trends:  1).  High  resistivity  in  the  films;  2).  n-type  conductivity;  3).  very 
low  mobility.  The  samples  grown  in  the  second  series  of  runs  in  March  were 
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found  to  have  electrical  resistivities  of  10  ohm-cm,  independent  of  thickness. 

The  last  three  samples  grown  with  higher  arsenic  pressure  show  the  low  mobility, 
but  a  lower  resistivity,  400  ohm-cm,  and  a  more  ohmic  nature.  When  the  leads 
are  reversed  on  these  samples,  the  values  are  the  same  in  both  directions  indicating 
a  very  ohmic  contact.  This  is  consistent  with  the  x-ray  data  which  show  a  matched 
cell  size,  hence  less  stress  in  the  films. 

Photoluminesence  was  evaluated  on  these  samples  but  was  very 
inconclusive.  These  results  are  quite  consistent  with  the  C/V  and  Hall  data. 

Because  of  the  lack  of  meaningful  data,  P/1  was  not  used  extensively.  P/1  scans 
for  samples  // 1 3,  15,  16,  and  17  are  shown  in  Figure  24*  The  general  conclusion 
is  that  the  overall  electrical  quality  of  the  film  is  quite  poor. 

VI.  Discussion 

Phase  I  results  have  demonstrated  that  the  Eaton  1CB  machine  can 
grow  films  of  GaAs  that  are  single  crystal  and  at  temperatures  below  400°  C. 

The  technique  is  repeatable  from  run  to  run  and  produces  films  that  are  of  uniform 
thickness  across  samples  0.7"  X  0.7".  However,  the  low  mobilities  and  high  resistivity 
indicate  major  problems.  Very  recent  work  at  Eaton,  combined  with  the  data 
gathered  in  this  work,  possibly  offer  an  explanation  for  these  results. 
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Work  done  several  years  ago  by  Schiller  et  al  studied  the  predominant 
ion  actions  within  different  energy  regions.  A  graphic  showing  these  conclusions 
is  shown  in  Figure  25.  The  interesting  section  is  that  from  1  -  1000  ev  per  ion. 

In  this  region,  material  with  activated  centers,  i.e.  charge  defects,  structural 
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Figure  24 


flt-if  .u.(!  nuitrrial  dele*  ts  arc  produced.  II  there  were  no  clusters  found  or 
onU  .  lusters  with  .  1  0  atoms,  the  average  kinetic  energy  of  the  ionized/accelerated 
ions  (assuming  3  Kev  acceleration  potential)  would  be  in  the  range  of  300  ev. 

At  this  range,  one  would  expect  single  crystal  material,  but  with  poor  electrical 
properties  due  to  the  multitude  of  native  defects.  This  structure  would  indeed 
be  expet  ted  to  have  very  low  mobility  and  high  resistivity.  Even  on  those  samples 
having  a  correct  lattice  constant,  the  impinging  energy  is  great  enough  that  the 
defect  structure  is  still  the  dominant  mechanism. 

Work  at  Eaton  subsequent  to  the  last  set  of  experiments  has  shown 
that  there  is  little  or  no  cluster  formation  from  crucibles  that  are  not  uniformly 
heated.  Rather,  droplets  accumulate  in  the  crucible,  particularly  at  or  near  the 
nozzle  area.  This  is  consistent  with  the  observations  made  when  the  gallium 
cap  was  removed.  Further  work  at  Eaton  with  the  newly  designed  radiant  sources, 
show  enhanced  heating  uniformity  and,  indeed,  the  formation  of  clusters.  However, 
the  cluster  size  was  still  less  than  the  1000  -  2000  atoms  Takagi  quotes  for  standard 
cluster  size.  Work  is  now  proceeding  to  improve  heating  uniformity  and  to  lengthen 
the  nozzle  area  from  1mm  to  10mm  to  enhance  the  number  of  collisions  in  the 
nozzle  area. 

The  combination  of  the  efforts  does,  in  the  opinion  of  the  author, 
explain  the  data  obtained,  both  electrical  and  physical.  By  having  very  small 
aggregates  or  only  ionized  beams,  the  kinetic  energy  is  too  great  at  the  surface 
and  the  native  defects  are  readily  formed. 

As  with  any  new  hardware  and  technology,  a  great  deal  has  been 
learned  from  a  few  experiments.  The  limited  results  obtained  thus  far  appear 
very  encouraging  as  to  the  viability  of  ICB  for  producting  acceptable  quality 
single  crystal  epi  films.  Current  work  on  the  machine  coupled  with  improved 
process  understanding  should  move  the  technology  rapidly. 
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